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Background: Hyperactive Hedgehog (Hh) signaling initiates and drives the progression of various tumors. Despite the clinical 
success of Hh inhibitors targeting Smoothened (SMO), drug resistance, often stemming from SMO mutations, remains a formidable 
obstacle in cancer therapy. Here, we investigated the potential of imperatorin (IMP), a Chinese herbal medicine, to overcome drug 
resistance and revealed the potential mechanisms.
Methods: The effect of IMP on Hh signaling pathway was evaluated via Quantitative reverse transcription-polymerase chain reaction, 
Dual-luciferase reporter assay and Western blot. Meanwhile, we tested its ani-proliferative potential on Hh-driven tumor cells. Loss/ 
gain-of-function, network pharmacology analysis, RNA-sequence analysis and molecular docking were performed to investigate the 
potential mechanisms of IMP-mediated functions. Furthermore, we established a subcutaneous Hh-driven medulloblastoma xenograft 
model using the DAOY cell line and examined the in vivo therapeutic efficacy of IMP.
Results: We identified IMP as a novel Hh inhibitor capable of overcoming drug-resistance caused by SMO mutants by inhibiting 
downstream transcription factor GLI1. IMP suppressed the proliferation of Hh-dependent cancer cells along with Hh activity 
inhibition. Mechanistically, IMP attenuated the phosphorylation of signal transducer and activator of transcription 3 (STAT3) and 
its interaction with GLI1 promoter, consequently blocking GLI1 transcription and the target gene expressions. Molecular docking 
analysis revealed the favorable binding affinity between IMP and STAT3. Importantly, IMP application effectively inhibited the 
growth of medulloblastoma in vivo, accompanied by the downregulation of GLI1 and phosphorylated STAT3.
Conclusion: Our findings revealed IMP as an innovative approach to combat the drug resistance of SMO inhibitors in Hh-driven 
tumors, highlighting the crucial role of STAT3 as a transcriptional regulator in Hh signaling.
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Introduction
The Hedgehog (Hh) signaling pathway orchestrates critical processes in embryonic patterning, tissue homeostasis, and 
regeneration.1,2 However, aberrantly activated Hh signaling is implicated in various aspects of tumor development and 
progression, including tumor proliferation, differentiation, angiogenesis, metastasis, tumor resistance and immunity.3–6 

Therefore, the inhibition of hyperactive Hh represents an enticing therapeutic strategy in cancers.2,7–9

In mammals, the canonical Hh signaling is triggered by secreted Hh ligands (Sonic Hedgehog (Shh), Desert 
Hedgehog (Dhh), and Indian Hedgehog (Ihh)), which directly bind to 12-pass transmembrane receptor patched 1 
(PTCH1),10,11 enabling the ciliary translocation and activation of smoothened (SMO), a 7-pass cell surface 
protein.10,12–14 Once activated, SMO activates the downstream glioma-associated oncogene (GLI) transcription factors 
(GLI1, GLI2, and GLI3) to translocate to the nucleus, where GLIs transactivate the expression of Hh target genes, such 
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as Gli1, Ptch1 and Myc. GLI1 also functions as an amplifier of the Hh signals through a positive feedback loop 
mechanism, promoting the transcription of GLI2.15 In the absence of Hh ligand, PTCH suppresses SMO activity and 
downstream signals. This finely tuned regulatory mechanism ensures precise control of Hh pathway activity in response 
to extracellular cues.

Dysregulated Hh signaling activity acts as a significant player in tumor development.3–6,16 Activation mutations in 
key Hh pathway components, such as PTCH, SMO, and GLI1 are pivotal in fueling tumor initiation and progression, 
notably observed in medulloblastoma (MB), basal cell carcinoma (BCC), and rhabdomyosarcoma.17–19 Almost all 
sporadic BCC and more than 30% cases of MB are driven by Hh mutational activation. In addition to the tumor cells, 
hyperactive Hh pathway activity has also been reported in tumor stromal cells, wherein nonneoplastic cells in tumor 
microenvironment receive Hh ligands from tumor cells and subsequently secrete mediators, such as IL-6, MMP and 
TGF-β to further facilitate tumor growth.20–23 Such mechanism is widely reported in numerous tumors, such as 
pancreatic ductal adenocarcinoma, bladder cancer and cholangiocarcinoma.20–23 This intricate interplay underscores 
the urgency in unraveling the regulatory mechanisms of Hh signaling and developing targeted antagonists to counteract 
its pro-tumor effects.

SMO is the predominant pharmacological target of the Hh signaling pathway. Currently, three inhibitors against SMO 
are on the market, namely vismodegib (GDC-0449, GDC),24 sonidegib25 and glasdegib,26 for tumor therapy. However, 
the emerging resistances pose significant treatment challenges. The resistance of SMO inhibitors could derive from SMO 
point mutations, loss-of-function mutations in SUFU, which negatively regulate GLIs, or GLI1 and GLI2 
amplifications.27–29 In addition, GLI expression can also be induced through non-classical pathways or other bypass 
pathways in multiple tumors.30–33 Our group has revealed that prostaglandin E2 (PGE2)-JNK signaling axis promoted 
GLI2 expression by inhibiting GLI2 ubiquitination degradation in a SMO-independent manner in colorectal cancer.34 

Unfortunately, there are no drugs that can overcome the resistance of SMO inhibitors in clinics, prompting the 
development of alternative strategies.

Inhibition of GLI has currently emerged as a promising therapeutic strategy, with the potential to break the resistance 
of SMO antagonists.35 Meanwhile, as discussed above, multiple tumors harbor hyperactivated GLI activity in a SMO- 
independent mechanism, as exemplified by noncanonical activation of GLI1 in prostate, breast lung, and colon 
cancers.32,36–38 Hence, inhibitors against GLI would display wider therapeutic spectrum. Arsenic trioxide that targets 
both GLI1 and GLI2 has shown therapeutic efficacy on MB and drug refractory MB xenograft in mice,39–41 and has 
entered clinical studies, however, adverse side effects and modest overall activity limit its clinic use.42

Imperatorin (IMP) is a natural product isolated from angelica dahurica and possesses diverse pharmacological 
activities that have garnered significant attention, particularly for its anti-tumor effects.43–45 It has been reported that 
IMP overcame chemotherapy resistance by inducing MCL-1 degradation in liver cancer and inhibited tumor metastasis 
by CREB1-TGF-β 2/ERK signaling axis in esophageal squamous cell carcinoma.43,46 However, it is still unknown 
whether IMP can suppress Hh signaling pathway and the tumors with hyperactive Hh. In this study, we revealed that IMP 
inhibited Hh signal at the level of GLI and overcame the resistance of SMO inhibitors. Mechanistically, IMP suppressed 
GLI1 transcription via STAT3. Additionally, IMP effectively delayed the growth of MB xenografts in vivo. These results 
have significant implications for the development of alternative strategies to overcome the resistance of current SMO 
inhibitors and provide novel insights into Hh pathway modulation.

Materials and Methods
Cells and Cell Culture
Light II was obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). NIH3T3, DAOY and 
293T cells were obtained from Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Light II cells stably 
expressing 8 × 3 Gli1-firefly luciferase and TK-Renilla reporters were cultured in DMEM supplemented with 10% FBS 
(Gibco, USA), 0.4 mg/mL G418 (Selleck Chemicals, USA) and Zeocin 0.15 mg/mL (Gibco, USA) as previously 
described.47 NIH3T3, DAOY and 293T cells were cultured in DMEM supplemented with 10% FBS. All cells were 
grown at 37 °C under 5% CO2 in a humidified incubator.
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Conditioned Medium Preparation
The Shh was collected as previously reported.47 Briefly, 293T cells were plated in 10 cm dishes in 10 mL of DMEM 
containing 10% FBS with a density of 2.1 × 106 cells/dish. After 24 hours, the culture medium was switched to 10 mL of 
DMEM containing 0.5% FBS, and the cells were transfected with ShhN plasmid (#37680, Addgene, USA), the active 
form of Shh,47 using Lipofectamine 3000 (#L3000008, Invitrogen, USA) according to the manufacturer’s protocol. Eight 
hours after transfection, the cells were washed with PBS and fresh medium supplemented with 10% FBS was added for 
an additional 16 hours. Subsequently, cells were incubated in 10 mL of 0.5% FBS medium for 48 hours and the cell 
supernatant was collected. The cell supernatant was referred to as Shh, which was either used for subsequent experiments 
or stored at −80 °C immediately.

Dual-Luciferase Reporter Assay
Light II cells were seeded at a density of 8000 cells/well into 96-well plates. After attachment, culture medium was 
changed to starvation medium (0.5% FBS), and the cells were treated with various compounds in the presence or absence 
of Hh agonists (Shh or SAG) for 36 h. Then, the activities of firefly and Renilla luciferase were monitored using 
a luminometer according to the Dual-Luciferase Reporter Assay kit protocol (#E1960, Promega, USA). The firefly 
luciferase signal was normalized by TK-Renilla luciferase signal. The IC50 values were obtained via a nonlinear 
regression analysis at least triplicates.

Cell Viability Analysis
Cells were seeded into 96-well plates at the density of 5000 cells/well. Once the cell confluence reached approximately 
70%, cells were treated with IMP as indicated for 24, 48 or 72 hours. Subsequently, the CCK-8 reagent (#C0037, 
Beyotime, China) was added into cells, and optical density (OD) values at 450 nm were examined using a Tecan plate 
reader after 2 hours of incubation.

RNA Extraction and Quantitative Reverse Transcription-Polymerase Chain Reaction 
(qRT-PCR)
Total RNA was extracted using TRIzol reagent (#15596026, Invitrogen, USA) as the manufacturer’s instructions. The Reverse 
Transcription Kit (#R323-01, Vazyme, China) was employed to synthesize complementary DNA (cDNA). Subsequently, qRT- 
PCR was performed using SYBR Green (#Q711-02, Vazyme, China). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as an internal reference gene. The relative gene expression was calculated using 2−ΔΔCt method. The primer sequences 
were as follows: mouse Gli1 Forward: 5’-GCAGTGGGTAACATGAGTGTCT-3’, Reverse: 5’-AGGCACTAGAGTT 
GAGGAATTGT-3’; mouse Ptch1 Forward: 5’-AAAGAACTGCGGCAAGTTTTTG-3’, Reverse: 5’- CTTCTCCTATCTTCT 
GACGGGT-3’; mouse GAPDH Forward: 5’- CATGTTTGTGATGGGTGTGA-3’, Reverse: 5’- AATGCCAAAGTT 
GTCATGGA-3’; human GLI1 Forward: 5’- GTTCACATGCGCAGACACACT-3’, Reverse: 5’-TTCGAGGCGTGAGTAT 
GACTTC; human PTCH1 Forward: 5’- CCACAGAAGCGCTCCTACA-3’, Reverse: 5’- CTGTAATTTCGCCCCTTCC-3’; 
human GAPDH Forward: 5’-GGCAAATTCCATGGCACCG-3’, Reverse: 5’- ATGACGAACATGGGGGCATC-3’.

Lenti-Virus Infection
shRNA lentiviral construct against SUFU was obtained from Santa Cruz (Santa Cruz, USA). To generate SUFU 
lentiviruses, 293T cells were transfected with SUFU shRNA, envelop (VSV-G) and packaging (pDelta 8.9) plasmids 
using Lipofectamine 3000 (#L3000015, Invitrogen, USA). After 48 hours of transfection, the cell supernatant was 
collected after centrifugation, which was either used immediately or stored at −80 °C. For virus infection, Light II cells 
were incubated with SUFU lentivirus for 8 hours. Subsequently, the cell culture was switched to normal culture medium 
and cultured for 40 hours, followed by selection with puromycin for 72 hours. The SUFU knockdown efficacy was 
examined using Western blot analysis.
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Western Blot
Total protein was extracted using RIPA buffer (#P0013K, Beyotime, China) containing PMSF (#ST506, Beyotime, 
China) and cocktail inhibitors (P8340, Sigma, USA). We used BCA assay kit (#P0010, Beyotime, China) to quantify 
the protein contents. About 5–10 μg of protein was separated with SDS-PAGE gel and transferred to the polyviny
lidene fluoride (PVDF, Pall, USA) membrane. Subsequently, it was blocked with 5% of skimmed milk for 45 minutes 
at room temperature. Thereafter, the membrane was treated with primary antibodies at 4° C overnight. After washing, 
the membrane was treated with corresponding secondary antibodies for 45 minutes. Finally, the protein bands were 
examined using ECL UltraPlus kit (#WBULP, Millipore, USA). The following antibodies were used: SUFU (#26118, 
CST, USA), GLI1 (#2643, CST, USA), STAT3 (#9139S, CST, USA), P-STAT3 (#9145S, CST, USA), Flag (#14793, 
CST, USA), β-Actin (#20536-1-AP, proteintech, USA), GAPDH (#60004-1-ig, proteintech, USA).

Molecular Docking
The cocrystal structure of STAT3 was derived from the Protein Data Bank (1BGl). The chemical structure of IMP was 
retrieved from PubChem database. Prior to docking, AutoDock Tools were applied to prepare the receptor protein and 
ligand, including the removal of excess structures and water molecules. Molecular docking was performed using 
AutoDock v1.5.7 software.48 PyMOL software was used to analyze the docking results and output the picture.

Network Pharmacology Analysis
We built the chemical structural formula of IMP via the pubChem database. The Swiss Target Prediction (http://www. 
swisstargetprediction.ch) and SEA were employed to predict IMP targets. GeneCards (https://www.genecards.org/) and 
OMIM (https://www.omim.org/) were employed to predict the disease targets of MB. Venny platform (https://bioinfogp. 
cnb.csic.es/tools/venny/) was used to obtain the intersected genes between IMP and MB. The search tool for retrieval of 
interacting genes (STRING) (https://string-db.org/) database was used to obtain protein–protein interaction (PPI) network 
by choosing the highest confidence of 0.9.49 Cytoscape3.9.2 was used to calculate the PPI node degree.50 Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis was performed with the R package.

Xenograft Tumor Models
All in vivo studies were approved by Institutional Animal Care and Use Committee of Shanghai University and 
performed following China Animal Welfare Legislation. Ethical Approval Number: No.2019–0020. Six-week-old female 
nude mice were purchased from Shanghai Model Organisms (Shanghai, China). 5×106 DAOY cells in PBS were mixed 
with Matrigel (1:1) and immediately injected into the right flank of nude mice. When the average tumor volumes reached 
50 mm3, mice were separated into two groups randomly (n = 5 mice per group) and orally administrated either with 
vehicle or IMP (50 mg per kg body weight) once daily for 38 days consecutively. At the end of the experiment, tumor 
samples were collected for subsequent examinations. Tumor volume was measured with calipers once every three days 
and calculated as follows: tumor volume=1/2 (length × width2).

Morphometric Analysis and Immuno-Staining
Tumor samples were subjected to 4% paraformaldehyde (PFA), dehydrated and then embedded into paraffin wax for 
sectioning. For the hematoxylin and eosin (H&E) staining, the sections were stained with H&E as reported procedures.34 

For Ki67 staining, the sections were treated with Ki67 (#GB111499, 1:400, Servicebio, China) overnight at 4°C, 
following by detection with DAB kit. Image J software was used to count the Ki67 positive cells.

Statistical Analysis
Data were shown as mean ±SD from at least 3 independent experiments. Two-way ANOVA was used for comparing 
tumor growth curves. Student’s t test was used for comparisons between two different groups. P < 0.05 was considered 
statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001; # P > 0.05).
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Results
IMP Antagonizes Hh Signaling
We examined the effect of IMP on Hh signaling pathway using the classic Light II cell model, a NIH3T3 reporter cell 
line stably expressing GLI-firefly luciferase that mirrors GLI dependent transcriptional activity, as well as TK-Renilla 
luciferase that functions as an internal control.34,47 Treatment of Light II cells with Shh conditional medium (referred as 
Shh) induced GLI-luciferase activity, which was significantly inhibited by IMP and GDC (Figure 1A). IMP exhibited 
a dose-dependent inhibition of Shh-induced pathway activity, with an IC50 value around 2 μM (Figure 1B). Moreover, we 
found that, in line with GDC, IMP effectively suppressed pathway activity induced by SAG, an agonist of SMO,51 as 
demonstrated by decreased GLI-luciferase (Figure 1C), as well as downregulated levels of Hh target genes Gli1 and 
Ptch1 (Figure 1D and E), and GLI1 protein (Figure 1F) in Light II cells. Notably, IMP treatment at concentrations up to 
20 μM did not significantly affect the viability of Light II cells (Supplementary Figure S1), ruling out the cytotoxicity as 
a factor to dampen Hh signaling. Altogether, these findings confirm the inhibitory effect of IMP on Hh signaling pathway.

IMP Suppresses Cell Proliferation of Hh-Driven Medulloblastoma
Since hyperactive Hh signal is a critical driver in cell proliferation and tumorigenesis, we hypothesized that the observed 
inhibitory effect on pathway could translate into an inhibition on cell biology. Accordingly, we examined the effects of IMP on 
Hh-driven Shh subtype MB cells using primary mouse MB cells isolated from autochthonous MB arising in Ptch+/−; Trp53−/− 

Figure 1 IMP antagonizes Hh signaling. (A) GLI-luciferase reporter activity in Light II cells treated with Shh in the presence of IMP (10 μM), GDC (1μM) or DMSO for 
36 h. (B) Dose-response inhibition of GLI-luciferase activity by IMP in Light II cells. (C) GLI-luciferase reporter activity of Light II cells treated with SAG (100 nM) in the 
presence of IMP (10 μM), GDC (1μM) or DMSO for 36 h. (D and E) qRT-PCR analysis of Gli1 and Ptch1 mRNA expressions in Light II cells treated with SAG (100 nM) in the 
presence of IMP (10 μM), GDC (1μM) or DMSO for 24 h. (F) Western blot analysis of GLI1 expression in Light II cells treated with SAG in the presence of IMP (10 μM), 
GDC (1μM) or DMSO for 24 h. The β-Actin was shown as a loading control. All error bars represent mean ± s.d. Experiments were repeated at least three times. Statistical 
significance was calculated using Student t-test, (**P <0.01, ***P <0.001).
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mice,47 and human DAOY cell lines.52 As expected, IMP treatment inhibited the cell proliferation, and decreased the expressions 
of mouse Gli1 and Ptch1 mRNA as well as human GLI1 and PTCH1 mRNA in MB cells and DAOY, respectively (Figure 2A- 
D), indicating that IMP has the ability to suppress MB proliferation by inhibiting Hh signaling pathway.

IMP Inhibits Hh Signal at the Level of GLI
We next sought to investigate the molecular mechanisms of how IMP inhibited Hh signal. SUFU is a negative regulator 
of GLI.53 Therefore, we first established a SUFU knockdown cell line (shSUFU) using Light II cells to address the 
contribution of SUFU to IMP-mediated Hh regulation (Figure 3A). As reported, shSUFU cells exhibited increased Hh 
transcriptional activity in comparison with negative control (shCtrl), as shown by augmented GLI-luciferase reporter 
activity (Supplementary Figure S2A), and this effect was not influenced by 1 μM GDC (Figure 3B), although GDC 
showed significant inhibition at this concentration in response to SAG or Shh-induced GLI transcription activity 
(Figure 1). In contrast, IMP displayed remarkable inhibition on GLI-luciferase activity and GLI1 protein expression in 
shSUFU cells (Figure 3B and C), hinting that IMP likely targeted downstream of SUFU.

Given that GLI transcription factors are downstream effectors of SUFU, we therefore probed IMP-mediated effect on pathway 
activity induced by overexpression of Flag-tagged GLI1 (GLI1-Flag) or full-length Myc-tagged GLI2 (GLI2-Myc). We found 
that such cells displayed activated GLI reporter activity, and IMP suppressed this activity to a considerably lower basal level 
(Figure 3D and E). Consistently, the overexpression of full-length GLI2-Myc or GLI2 detaN, a truncated active form of GLI2,54 

induced Gli1 mRNA expression, which was remarkably blocked by IMP, but not GDC (Supplementary Figure S2B and C). These 
findings suggested that IMP inhibited Hh signal at the level of GLI. GLI1 and GLI2 are highly homologous; thus, most reported 
GLI1 inhibitors also target GLI2.54–57 Moreover, given the importance of GLI1 in tumorigenesis and tumor progression,58 we then 
mainly focus on the effect of IMP on GLI1. Interestingly, we did not observe any inhibition in exogenous Flag-GLI1 protein 

Figure 2 IMP inhibits cell viability and Hh pathway in Hh-driven medulloblastoma. (A and C) CCK-8 analysis of primary Ptch+/−; Trp53−/− mutated MB cells (A), human 
DAOY cells (C) administrated with IMP (20 μM) or DMSO at indicated time. (B and D) qRT-PCR analysis of Gli1 and Ptch1 mRNA expressions in primary Ptch+/−; Trp53−/− 

mutated MB cells (B), and GLI1 and PTCH1 mRNA in human DAOY cells (D) treated with IMP (10 μM, 20μM) or DMSO for 24 h. All error bars represent mean ± s.d. All 
experiments were repeated at least three times. Statistical significance was calculated using Student t test, #P>0.05, *P <0.05, **P <0.01, ***P <0.001.
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expression driven by CMV promoter (Figure 3F), whereas downregulated endogenous GLI1 protein was observed in IMP-treated 
cells (Figure 1F). Therefore, we reasoned that the anti-Hh effect of IMP may be associated with GLI1 promoter, thus negatively 
modulating GLI1 transcription.

Exploring IMP Targets Through Network Pharmacology
The above findings suggested that IMP indirectly inhibits GLI by modulating its transcription. Therefore, we next 
investigated the possible targets of IMP via network pharmacology analysis. In this case, we selected MB as the disease 

Figure 3 IMP inhibits Hh signal at the level of GLI. (A) Western blot analysis of SUFU expression in wild-type (shCtrl) and SUFU-knockdown (shSUFU) Light II cells. The 
GAPDH was shown as a loading control. (B) GLI-luciferase reporter activity in shSUFU Light II cells treated with IMP (10 μM, 20 μM) or GDC (1μM) for 36 h. (C) Western 
blot analysis of GLI1 expression in shSUFU-Light II cells treated with IMP (10 μM, 20 μM) or GDC (1μM) for 24 h. The GAPDH was shown as a loading control. (D and E) 
Dose-response inhibition of GLI-luciferase activity by IMP in Light II cells with overexpression of GLI1-Flag (D) or GLI2-Myc (E). (F) Western blot analysis of Flag expression 
in Light II cells with overexpression of GLI1-Flag. The β-actin was shown as a loading control. All experiments were repeated at least three times. Statistical significance was 
calculated using Student t test, #P>0.05, *P <0.05.
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modality. Swiss Target Prediction and SEA database prediction identified 161 possible targets of IMP. GeneCards and 
OMIM databases generated 1906 possible targets of MB. Furthermore, Venny analysis produced 53 intersected targets 
between IMP and MB, accounting for 2.6% (Figure 4A). In order to develop the connections among these genes (PPI 
networks), STRING was used (Figure 4B). Subsequently, cytoscape 3.9.2 analysis was used to visualize corresponding 
node degree, resulting in top 10 key genes in the network (Figure 4C and D). Among those, the BCL2, MMP2, MMP9, 
MCL1 are the target genes of both STAT3 and GLI.59,60 Similarly, KEGG analysis demonstrated that STAT3 and Hh 

Figure 4 Network pharmacology investigation of IMP targets. (A) Analysis of the targets related to IMP and MB. (B) PPI network based on the intersected proteins. (C and D) 
Cytoscape analysis the node degree of PPI network. (D) The degree top 10 genes in Cytoscape analysis. (E) KEGG analysis of the intersected genes.
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signaling pathways were enriched in the intersection targets (Figure 4E). These findings demonstrate that the STAT3 
pathway is highly associated with IMP functions on Hh-dependent tumors.

IMP Inhibits GLI1 Transcription Through STAT3
STAT3 is a transcription factor that regulates the transcription of multiple oncogenic genes.61 Since IMP inhibited the transcription 
of GLI1, we sought to investigate whether STAT3 serves as a key mediator of IMP’s inhibitory effect on GLI1. 143B is an 
osteosarcoma cell line with hyperactive Hh and STAT3.62,63 Analysis of the GEO database (GSE180321)64 revealed that IMP 
treatment resulted in decreased Hh and STAT3 activity in these cells, as evidenced by reduced GLI2 expression and down
regulation of multiple STAT3 target genes (Figure 5A). In response to external stimuli, STAT3 is phosphorylated and activated to 
exert its functions.61 Interestingly, Western blot analysis showed that IMP remarkably inhibited GLI1 and the phosphorylation of 
STAT3 in Light II cells (Figure 5B). In addition, IMP inhibited SUFU knockdown induced GLI-luciferase activity; however, this 
effect was reversed by STAT3 overexpression in shSUFU cells (Figure 5C), indicative of the critical role of STAT3 in the 
regulation of GLI1 transcription by IMP. Previous studies have shown that STAT3 directly binds and activates GLI1 promoter in 
fibrocytes and chronic lymphocytic leukemia cells.65,66 Indeed, using JASPAR, we identified multiple putative-binding sites for 

Figure 5 IMP inhibits GLI1 transcription through STAT3. (A) Heatmap of GLI2 and STAT3 target genes in 143B cells treated with or without IMP from GEO database 
(GSE180321). (B) Western blot analysis of GLI1, P-STAT3 and STAT3 expressions in Light II cells treated with SAG (100 nM) with or without IMP (10 μM, 20 μM) treatment 
for 24 h. The β-actin was shown as a loading control. (C) GLI-luciferase activity in shSUFU-Light II cells with or without STAT3 overexpression (100 ng) in the presence or 
absence of IMP (20 μM). (D) Molecular docking of the binding model between IMP and STAT3 (PDB: 1BG1). All experiments were repeated at least three times. Statistical 
significance was calculated using Student t test, #P>0.05, *P <0.05.
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STAT3 on GLI1 proximal promoter (Supplementary Figure S3A). In our study, we also observed STAT3 activation with IL-6 
promoted GLI-luciferase activity and this effect was suppressed by IMP in DAOY cells (Supplementary Figure S3B). These data 
suggest that STAT3 is a potential transcriptional factor of GLI1, and IMP inhibits GLI1 transcription and expression via STAT3.

Next, we probed the possibility of IMP directly targeting STAT3 via bioinformatics analysis. Molecular docking was 
employed and revealed that the binding energy between IMP and STAT3 was −5.4 kcal/mol (Figure 5D). Given that the 
binding energy below −5 kcal/mol denotes strong binding affinity, the observed results indicated that IMP was able to 
bind with STAT3. In addition, similar to previous reports,67 salt bridges were formed between IMP and residue Arg-609, 
Lys-591 on STAT3 at distances of 3.57 Å and 3.98 Å, respectively. In particular, Lys-591 displayed the hydrogen bond 
and hydrophobic interactions with IMP, which provided strong van der Waals forces (Figure 5D). Altogether, these 
findings demonstrate that IMP has the potential to directly bind with STAT3 and thus inhibit the transcription of GLI1.

IMP Inhibits Drug-Resistant SMO Mutants
Having revealed that IMP inhibited Hh signaling by targeting at the level of GLI, we investigated whether IMP could 
overcome the resistance of SMO inhibitors induced by SMO mutations. We examined its effect on Hh activity induced 
by SMO D473H and SMO M2 (also known as SMO W535L), both of which contribute to the resistance to GDC in 
clinic.28,68,69 As expected, IMP inhibited SMO D473H and SMO M2-induced GLI-luciferase in a dose-dependent 
manner with the IC50 value around 6–8 μM, which was comparable to the potency against SMO WT and Shh-induced 
activity (Figures 6A-C and 1B). In this case, the decrease in Gli1 and Ptch1 gene expressions was also observed after 
IMP treatment, whereas no inhibition was shown after GDC treatment (Figure 6D-F). These findings suggest that IMP 
has the potential to overcome the drug-resistance caused by SMO mutations.

Figure 6 IMP inhibits drug-resistant SMO mutants. (A-C) GLI-luciferase reporter activity in Light II cells with overexpression of SMO WT (A), SMO D473H (B) or SMO 
W535L (C) in the presence of IMP as indicated concentrations for 36 h. (D-F) qRT-PCR analysis of Gli1 and Ptch1 mRNA expressions in Light II cells with overexpression of 
SMO WT (D), SMO D473H (E) or SMO W535L (F) in the presence of IMP (20 μM) or GDC (1μM) for 36 h. All error bars represent mean ± s.d. All experiments were 
repeated at least three times. Statistical significance was calculated using Student t test, #P>0.05, **P <0.01, ***P <0.001.
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IMP Impairs the Growth of Shh-Medulloblastoma in vivo
The therapeutic efficacy of IMP was evaluated in vivo using xenograft model DAOY, a widely used human Shh-MB model for 
Hh drug screening.52,70 We injected DAOY cells subcutaneously into the flank of nude mice. The mice were orally 
administrated with either IMP (50 mg/kg) or vehicle control (Con) once a day when the tumor volumes reached around 
50 mm3. We observed an obvious delay of tumor growth after IMP treatment (Figure 7A). In line with the inhibitory effect on 
GLI1 transcription and STAT3 phosphorylation in vitro, IMP also diminished the expression of GLI1 mRNA, as well as the 

Figure 7 IMP impairs the growth of Shh-medulloblastoma in vivo. (A) The tumor volume of DAOY allografts over the time course of treatments with vehicle control (Con) 
or IMP (50 mg/kg) once daily (n=5). (B) qRT-PCR analysis of GLI1 expression in treated DAOY tumors (n=5). (C) Western blot analysis of GLI1, P-STAT3, and STAT3 
expressions of treated DAOY tumor tissues. (D) Representative images of H&E staining of treated DAOY tumor tissues (n=5). (E) Representative images of Ki67 staining of 
treated DAOY tumor tissues (n=5). (F) Quantification of Ki67 positive cells in tumor tissues from E. All error bars represent mean ± s.d. Statistical significance was 
calculated using Student t-test or two-way ANOVA, *P <0.05, ***P <0.001.
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levels of GLI1 and phosphorylated STAT3 proteins in tumor samples (Figure 7B and C). Furthermore, the IMP treatment 
increased necrosis (yellow arrowhead) as shown by H&E staining (Figure 7D). Ki67 staining revealed a reduction in Ki67- 
positive proliferating cells in IMP-treated tumors compared to control (Figure 7E and F). Of importance, no body weight loss 
or death was observed (Supplementary Figure S4), indicative of no overt toxicity. Altogether, these in vivo observations 
demonstrate an ability of IMP against cancer growth by inhibiting Hh signaling pathway.

Discussion
Abnormal activation of Hh signaling pathway has been shown to drive tumor initiation and progression, and preclinical 
and clinical studies provide strong evidence supporting it as a promising treatment target in a wide range of tumors. 
There are multiple reported Hh pathway inhibitors, and several have moved into clinic. However, clinically available 
treatment approaches, mainly targeting SMO, are challenged by the primary and acquired resistance as well as side 
effects, thus calling for an alternative strategy. We and other studies have revealed that targeting downstream GLI 
represents a superior strategy against multiple resistant mechanisms, such as mutations of SMO.71,72 In this study, we 
have shown that IMP, a natural product, inhibited GLI1 transcription by acting at GLI1 promoter via STAT3. IMP 
significantly inhibited Hh-driven tumor models in vitro and in vivo. Of importance, IMP possessed the ability to 
circumvent various resistance mechanisms of clinically available anti-Hh drugs, including SMO mutations, loss of 
SUFU and GLI2 amplifications, thus providing preclinical support for future clinical trials (Figure 8).

IMP presents in multiple traditional Chinese medicine with high safety, extensive sources and low price.73 The 
anticancer properties of IMP have attracted great attention in recent years. IMP has been shown to induce MCL-1 
degradation to inhibit drug-resistance liver cancer.46 A more recent study showed that IMP improved chemosensitivity by 
downregulating P-glycoprotein expression in tumors.74 However, previous studies mainly focused on its application in 

Figure 8 Schematic illustration of the function and mechanism of IMP in overcoming the resistance of SMO inhibitors. IMP inhibited GLI1 transcription by acting at its 
promoter via STAT3, thereby circumventing various resistance mechanisms of clinical available anti-Hh drugs, including SMO mutations, loss of SUFU and GLI2 
amplifications.
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tumor chemoresistance. We here provided the first evidence of IMP against Hh-driven tumors and overcoming the 
resistance of clinic available SMO inhibitors. It is also worth noting that IMP has distinct structures with reported Hh 
inhibitors, thus providing a novel tool for chemistry optimization.

Here, we demonstrated that IMP acted through STAT3 to inhibit the Hh signaling. Our findings revealed that IMP 
treatment robustly suppressed the transcription of GLI1, a core transcriptional factor of Hh pathway. Network pharma
cology and RNA-seq analyses linked IMP targets with STAT3, prompting us to investigate whether STAT3 was the key 
player in IMP-mediated Hh inhibition. Indeed, STAT3 overexpression mitigated the inhibitory effect of IMP on Hh 
pathway (Figure 5C) and molecular docking showed the possible interactions between IMP and STAT3 via salt bridges, 
hydrogen bond and hydrophobic interactions. However, the precise bonding mechanisms of IMP to STAT3 and the 
specific sites involved warrant further investigation.

STAT3 has been reported to activate GLI1 expression in chronic lymphocytic leukemia cells and fibrocytes, and we thus 
evaluated whether the interaction between IMP and STAT3 could inhibit GLI1 transcription in MB cell. Multiple putative 
STAT3-binding sites were identified on the promoter region of GLI1 gene via JASPAR. Dual-luciferase reporter assay revealed 
that STAT3 activation induced the GLI1 transcription, whereas IMP attenuated this effect (Figure S3). However, the biological 
and cellular effects of this regulation remain to be determined in future studies. Of importance, multiple STAT3 inhibitors have 
entered into clinical trials, and data presented in this work might encourage further studies to explore the potential of STAT3 
inhibition alone or in combination with the treatment of SMO constitutive activation-driven tumors, such as MB and BCC.

Conclusion
Taken together, our study provides compelling evidence demonstrating that IMP effectively suppresses aberrant Hh 
pathway by inhibiting GLI1 and overcomes the resistance of current SMO inhibitors. Our data elucidate that IMP exerts 
its inhibitory effects on GLI1 transcription by targeting and repressing STAT3. Furthermore, our findings highlight the 
potential of STAT3 as both a therapeutic target in Hh-dependent tumors. Therefore, our study provides novel therapeutic 
approaches for patients with Hh-dependent tumors, particularly those who are resistant to current SMO inhibitors.
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